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SUMMARY 

An investigation was made in the Langley 4- by 4-fOO-t supersonic 
pressure tunnel at Mach numbers of 1.61 and 2.01 to determine (1) the 
effect of distributed roughness on boundary-layer transition with the 
model surface at adiabatic wall temperature and cooled and (2) the 
effect of surface cooling on the lateral spread of turbulence. Both 
distributed granular-type and single spherical roughness particles were 
used, and transition of the boundary layer was determined by hot-wire 
anemometers. The transition-triggering mechanism of the three- 
dimensional roughness at supersonic speeds appeared to be the same as 
that previously observed at subsonic speeds. In fact, the critical 
value of the roughness Reynolds number parameter \(Rk,t (that is, 
the value at which turbulent spots are initiated by the roughness) was 
found to be approximately the same at supersonic and subsonic speeds 
when complete local conditions at the top of the roughness, including 
density and viscosity, were considered in the formulation of the rough- 
ness Reynolds number. For three-dimensional roughness at a Reynolds 
number less than its critical value, the roughness introduced no dis- 
turbances of sufficient magnitude to influence transition. Surface 
cooling, although providing a theoretical increase in stability to small 
disturbances, did not increase to any important extent the value of the 
critical roughness Reynolds number for three-dimensional roughness par- 
ticles. Cooling, therefore, because of its effect on the boundary-layer 
thickness, density, and viscosity actually promoted transition due to 
existing three-dimensional surface roughness for given Mach and Reynolds 
numbers. 
layer appeared to be unaffected by the increased laminar stability 
derived from the surface cooling. 

The measured lateral spread of turbulence in the boundary 

~~ 
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INTRODUCTION 

A low-speed experimental investigation of the effect of distributed 
granular-type roughness on boundary-layer transition as reported in ref- 
erence 1 indicated that, when the roughness is sufficiently submerged in 
the boundary layer to provide a substantially linear variation of local 
velocity with distance from the surface up to the top of the roughness, 
turbulent spots begin to appear immediately behind the roughness when a 
local roughness Reynolds number, based on the velocity at the top of the 
roughness and the roughness height, exceeds a critical value. L 

2 
These data, as well as those of references 2 and 3, for example, 9 

indicate that, at roughness Reynolds numbers even slightly below the 6 
critical value, three-dimensional type of roughness introduces no dis- 
turbances of sufficient magnitude to influence transition but that only 
a very small increase of roughness Reynolds number above the critical 
value is required to move transition substantially up to the roughness. 
This mechanism of transition is in sharp contrast with experience with 
two-dimensional type of disturbances (for example, full-span cylindrical 
wires) where transition occurs some distance downstream of the roughness 
and gradually moves forward to the roughness position as the Reynolds 
number is increased. 

The purpose of the present tests was to extend the investigation 

(See refs. 3 and 4.) 
-h 

of reference 1 to supersonic speeds to determine whether the transition- 
triggering mechanism of distributed three-dimensional particles is the 
same at supersonic speeds as that observed at subsonic speeds and to 
determine the critical value of the roughness Reynolds number at the 
higher speeds. In addition, information on the effects of increased 
laminar boundary-layer stability on boundary-layer transition associated 
with surface roughness and on the lateral spread of turbulent contamina- 
tion behind a roughness particle was desired. 

The investigation was made on a loo cone model and on a two- 
dimensional flat-plate model in the Langley 4- by 4-foot supersonic 
pressure tunnel at Mach numbers of 1.61 and 2.01. 
of distributed roughness size and location were investigated on the 
cone; single particles of varying size and position were used on the 
flat-plate model in order to get a well-defined turbulence wedge. 
models were tested with the surfaces at adiabatic wall temperature and 
with the surfaces cooled. Indications of the nature of the boundary- 
layer flow were obtained by means of a hot-wire anemometer. 

Various combinations 

Both 
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SYMBOLS 

height of roughness particle 

characteristic length (most rearward roughness position), 
12.5 in. 

Mach number 

Reynolds number per foot based on flow outside boundary 
layer, U / v o  

Reynolds number based on roughness height and local flow 
conditions at top of roughness, ukk/vk 

Reynolds number based on surface distance from leading edge 
and flow conditions outside boundary layer, Us/vo 

surface distance from leading edge to roughness 

local temperature, OR 

ratio of average local temperature to local temperature out- 
side boundary layer 

local streamwise component of velocity just outside boundary 
layer . 

local streamwise component of velocity in boundary layer 

ratio of surface distance from leading edge to characteris- 
tic length, s/L 

distance normal to surface 

boundary-layer total thickness 

nondimensional distance normal to surface, (y/2s) & 
nondimensional roughness height, (k/2s)K 

coefficient of kinematic viscosity 
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Subscripts : 

k conditions at top of roughness particle 

0 local conditions outside boundary layer 

t conditions at which turbulent spots appear 

W conditions at wall 

m conditions in undisturbed free stream 

MODELS 

L 
2 
9 
6 

Two different configurations were used in the present investigation - 
a loo cone and a two-dimensional flat plate. 
models were used in the 10' cone test program: 
alloy cone 24 inches long and (2) a hollow, thin-walied, stainless-steel 
cone 2> inches long for the cooling tests. Although the latter model 

was not the most desirable for the heat-transfer experiments because of 

when cooled, it was used because of its availability and because it per- 
mitted attainment of valid effects of surface cooling on boundary-layer 
transition in the presence of surface roughness. Figure 1 includes a 
sketch of the hollow model and the locations of iron-constantan thermo- 
couples used to measure the surface temperatures. A photograph of this 
model is presented as figure 2. 

Actually two different 
(1) a solid aluminum- 

1 
2 

its inability to attain a uniform longitudinal temperature distribution -n 

The flat-plate model which had a polished steel surface with a 
sharp leading edge was 48 inches wide and had a chord of 40 inches. 
The lower surface contour was approximately a segment of a circular 
arc. The model was hollow to permit surface cooling and was instru- 
mented with iron-constantan thermocouples at known chordwise positions 
at the tunnel center line. The flat-plate surface was selected because 
of the ease of measurement of the lateral spread of turbulence on a 
flat surface. A photograph of the flat-plate model is presented as 
figure 3 .  

APPARATUS AND TESTS 

The investigation was made at Mach numbers of 1.61 and 2.01 in the 
Langley 4- by 4-foot supersonic pressure tunnel, which is a rectangular, 
closed-throat, single-return wind tunnel with provisions for control of 

\ 
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the air stagnation pressure, temperature, and humidity. The appearance 
of transition was observed by means of a hot-wire anemometer, the out- 
put of which was fed into an oscilloscope. 
3/32-inch length of 0.0003-inch-diameter tungsten, was arranged to be 
sensitive to variations in the u-component of velocity. 
models, three hot wires were located circumferentially 120° apart approxi- 
mately 6 inches from the base of the model in order to improve the prob- 
ability of retaining a wire for the duration of a test run. 
proved to be satisfactory because no runs were aborted as a result of 
the loss of all three wires, although at least one wire was lost each 
time. For the flat-plate model, a single hot wire, located 26.77 inches 
from the leading edge, was mounted on a spanwise traversing carriage. 
This arrangement permitted measurements of the velocity fluctuations at 
several spanwise positions during a single run. 
cone and flat-plate configurations, records of the hot-wire response to 
velocity fluctuations were made by photographing the traces on a cathode- 
ray tube. 

The wire, which was a 

For the loo cone 

These odds 

For tests of both the 

Carborundum grit of various size, thinly spread over the surface 
in strips of about 3/16-inch width, was used as the distributed three- 
dimensional roughness on the 10' cone. 
representative strips are presented as figure 4 .  For each of the fol- 
lowing investigated combinations of roughness size and location along 
the surface from the cone apex, the roughness was submerged in the 
boundary layer : 

Closeup photographs of three 

Swface distance 
f r o m  cone apex, 

in. 

1 
2 

3 
3 
5 
5 -9 
10 -3 
10.4 
10.4 
12.5 

Grit 
number 

180 
180 
80 
80 
70 
60 

240 
60 
80 
80 
60 

Nean grit 
height, 
in. 

0.0035 
-0035 
.0083 
.0083 
.0098 
. o n 7  
.0029 
. o n 7  
.0083 
.0083 
.oil7 

twriirlum grit 
height ?resent, 

'in. 

0 0.005 
.005 

.015 
:023 
.003 
.023 
.010 
. o n  
.01g 

.010 

.010 

The height of the particles in each roughness strip tested was care- 
fully measured with a l5-power shop microscope before and after each 
test run. The maximum height found is listed in the last column of 
the preceding table. Single three-dimensional roughness particles, 
which were actually steel miniature ball bearings, were used in the 
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f l a t -p l a t e  t e s t s  a t  various known posi t ions on the surface and f o r  a l l  
combinations used t h e  roughness w a s  well  within the boundary layer .  
height of the p a r t i c l e s  w a s  careful ly  measured with the  15-power micro- 
scope a f t e r  application t o  the surface. 

- The 

The 10' cone model w a s  cooled by means of l i qu id  carbon dioxide 
which was sprayed i n t o  the i n t e r i o r  of the hollow model through small 
o r i f i c e s  d r i l l e d  i n  and near the end of a l/b-inch-diameter copper tube. 
The tube w a s  brought through the base of the model and was located 
approximately as indicated i n  f igure 1. The cooling apparatus i n  the 
f l a t -p l a t e  model consisted of three l/&-inch-diameter copper tubes with 
small holes d r i l l e d  along the tube length.  The chordwise spacing of the 
tubes was such as t o  concentrate most of the cooling i n  the  region ahead 
of the 50-percent-chord location. The coolant, l iqu id  carbon dioxide, 
w a s  fed t o  the tubes by means of a manifold arrangement from a s ingle  
b o t t l e .  
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6 

The tes t  procedure during both phases of the invest igat ion consisted 
of s t a r t i ng  the tunnel a t  a low value of stagnation pressure and equiva- 
l e n t  unit  Reynolds number (Reynolds number per foo t )  and then gradually 
increasing the Reynolds number t o  values greater  than those required fo r  
the i n i t i a t i o n  of turbulent spots behind the roughness. Photographs of 

throughout t h e  stagnation-pressure range. For the cooling t e s t s  of the 
cone, the model was cooled a f t e r  the un i t  Reynolds number w a s  adjusted 
t o  the c r i t i c a l  point, that is ,  the  stagnation pressure a t  which turbulent 
spots began t o  appear. Photographs of the change i n  boundary-layer char- 
a c t e r  were made and then the  stagnation pressure readjusted t o  re turn  the 
flow t o  the almost completely laminar condition ( t h a t  is ,  with the occur- 
rence of spots )  a t  which point photographs were again taken. 
mination of the e f f e c t  of surface cooling on the l a t e r a l  spread of turbu- 
lence on the f l a t  p l a t e ,  the un i t  Reynolds number w a s  increased t o  a 
value a t  which the hot-wire response indicated 100-percent turbulent flow 
d i r e c t l y  behind the roughness. The t i m e  var ia t ion of turbulence as a 
function of spanwise posi t ion w a s  then recorded f o r  t he  model surface 
both a t  adiabatic w a l l  and cooled temperatures. The d is t r ibu t ion  of sur- 
face temperature f o r  both modeis w a s  recorded simultaneously on Brown 
potentiometers and a d i r e c t  correlat ion w a s  kept between the oscillograph 
photographs, potentiometer records, and tunnel stagnation pressure and 
temperature. For large amgunts of cooling, f r o s t  formations on the model 
surface i n i t i a t e d  occurrence of turbulent spots and i n  some cases resu l ted  
i n  w i r e  breakage, probably because of co l l i s ion  of i c e  p a r t i c l e s  with the 
hot wire. The data presented have been l imited t o  f ros t - f ree  conditions. 

the hot-wire response were taken f o r  various types of boundary-layer flow 'r 

For deter-  

Some secondary tes t  points  were taken f o r  which the roughness p a r t i -  
c l e s  were very close t o  the leading edge of the model and the height of 
the roughness w a s  approximately equal t o  the boundary-layer t o t a l  thick- 
ness .  T h i s  l imited amount of data  was taken i n  order t o  es tab l i sh  some 
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indicat ion of the change, if any, in the c r i t i c a l  roughness Reynolds 
number when the roughness height i s  equal t o  o r  greater  than the boundary- 
layer  t o t a l  thickness. The tes t  procedure f o r  these runs w a s  s imilar  t o  
t h a t  previously discussed except t h a t  data were taken only f o r  equilib- 
r i u m  conditions. 

RESULTS AND DISCUSSION 

Interpretat ion of Data 

A representative example of  the various types of boundary-layer 
flow observed i s  given i n  f igure 5 i n  t he  form of hot-wire t r aces  of 
the time var ia t ion of velocity i n  the boundary layer .  
scale  of the f igure i s  given t h e  value of tunnel un i t  Reynolds number 
corresponding t o  each t r ace .  Shown a t  the top of the f igure i s  the 
time scale  f o r  the t r aces .  Time increases from l e f t  t o  r i g h t .  The 
amplifier and oscillograph attenuations were maintained the same f o r  a l l  
hot-wire t r aces  taken during each t e s t  run. 
number of 0.86 x 10 denotes laminar flow. 
very short  duration were i n i t i a t e d  a t  a un i t  Reynolds number of 

6 0.90 x 10 . These disturbances increased i n  frequency with a fur ther  
increase i n  Reynolds number u n t i l ,  a t  a u n i t  Reynolds number of 

6 0.974 x 10 , the flow w a s  completely turbulent.  
na tura l  t r a n s i t i o n  would not have progressed past  the measuring s t a t i o n  
Lku-ough the t e s t  Eeynolds number rarge of f igure 5 .  These observed 
changes i n  the character of the boundary layer  with changes i n  Reynolds 
number a re  similar t o  those observed a t  subsonic speeds i n  reference 1 
and are consistent with the concept of the or ig in  of turbulence as tur- 
bulent spots t h a t  grow i n  s i ze  as they move downstream. (See r e f .  5 . )  

On the v e r t i c a l  

The t r a c e  a t  a u n i t  Reynolds 
6 Infrequent disturbances of 

For a smooth model, 

The hot-wire t r aces  of figure 6 a l s o  ver i fy  the indications of 
references 1 t o  3 t h a t ,  f o r  three-dimensional roughness at a Reynolds 
number l e s s  than i t s  c r i t i c a l  value, the roughness w i l l  introduce no 
disturbances of su f f i c i en t  magnitude t o  influence t r a n s i t i o n .  A t  a 
u n i t  Reynolds number of 2.86 x 10 6 , the  flow w a s  laminar f o r  both the  
model i n  the  smooth condition and the model with 0.003-inch roughness 
located 5.9 inches from the cone apex. A t  a un i t  Reynolds number of 

3.29 x IO', infrequent turbulent spots appeared a t  t he  hot-wire loca- 
t i o n  f o r  both model surface conditions, and an increase i n  the un i t  
Reynolds number increased the frequency of occurrence of the spots u n t i l  
the  flow w a s  almost completely turbulent a t  a un i t  Reynolds number of 

about 4.0 x 10 . 6 
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Although for the same or slightly lower values of the unit Reynolds 
number the turbulent spots appear to occur somewhat more frequently for " 
the rough-surface condition than for the smooth condition, the differences 
involved are associated with such small increments in Reynolds number 
within the range required to change the flow from the initial formation 
of spots to the fully turbulent condition that it appears highly improb- 
able that a repeated test for either surface condition could duplicate 
the comparisons to such a degree of accuracy. in fact, these differences 
are of the same order of magnitude as typical scatter in other experi- 
mental investigations of transition such as found in reference 6. 
the roughness applied to the model for the test of figure 6 had intro- 
duced significant disturbances into the laminar layer, transition would 
have occurred at the hot-wire location at an appreciably lower value of 
the Reynolds number than that required to move transition forward of 

that point with the model smooth (3.3 x 10 < R' < 4 .O x lo6). 
basis of the roughness correlation presented in a later section, a 
roughness height of 0.007 to 0.008 inch is required to promote premature 
transition for the test conditions of figure 6. 

If 

6 On the 

L 
2 
9 
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Correlation of Data 

Correlation of boundary-layer transition due to a randomly distri- Y 

buted three-dimensional type of surface roughness has been accomplished 
at subsonic speeds in reference 1 on the basis of a critical local rough- 
ness Reynolds number formulated with the velocity at the top of the 
roughness and with the roughness height. That such a roughness Reynolds 
number should afford a basis for correlation is founded on the concept 
that, for geometrically similar projections submerged in the linear por- 
tion of the variation of boundary-layer velocity with distance from the 
surface, discrete disturbances form at the roughness particles when the 
local Reynolds number of the flow about the roughness reaches a critical 
value. The critical value of this roughness Reynolds number for the 
roughness of reference 1 was found to be approximately 600. 

c 

The square root of the roughness Reynolds number was chosen in the 
is 

dRk, t present investigation as the variable inasmuch as the value 

more nearly proportional to the critical projection height than Rk,t 
for the projection submerged in the linear pmtion of the boundary-layer 
velocity profile. At supersonic speeds, where a variation of density 
and viscosity as well as velocity exists through the boundary layer, 
the exponent of Rk,t for linearity with k is even smaller than 1/2. 
In order to consider the effect of Mach number on the boundary-layer 
density and viscosity, the values of the roughness parameter \IRk,t 
for the supersonic results were obtained with the use of kinematic 
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viscosi ty  based on conditions a t  the top of the projection as well as 
the height of the projection and the velocity a t  the p a r t i c l e  height.  
The m a x i m u m  measured height of the par t ic les  i n  each roughness s t r i p  
on the 10' cone (as presented i n  the tab le  i n  "Apparatus and Tests") 
and the measured height of the single roughness pa r t i c l e s  on the  f l a t  
p l a t e  were used i n  the calculation of the c r i t i c a l  roughness Reynolds 
number. The velocity and temperature d is t r ibu t ions  through the boundary 
layer  used i n  the computation of f i t  were calculated fo r  the f la t  
p l a t e  by the methods of reference 7 and fo r  the cone by correcting the 
f l a t -p l a t e  calculations t o  the cone conditions by Mangler's transforma- 
t i on .  
presented i n  f igures  7 and 8 f o r  adiabatic wall conditions a t  surface 
Mach numbers of 1.58 and 1.95 corresponding t o  undisturbed free-stream 
Mach numbers of 1.61 and 2.01, respectively. 

Representative temperature and velocity p ro f i l e s  f o r  the cone are 

Cr i t i ca l  R k , t  Value 

The r e s u l t s  of the present investigation a t  supersonic speeds fo r  
the f l a t -p l a t e  and the cone surfaces a t  adiabat ic  w a l l  temperature a re  
summarized i n  f igure 9(a) i n  the form of a p lo t  of 
ness location for  the various roughness s izes  tes ted .  It i s  apparent 
from this f igure t h a t  approximately the same values of the roughness 
parameter IRk,t as determined i n  reference 1 can be used, fo r  p rac t i -  
c a l  purposes, t o  predict  the i n i t i a t i o n  of turbulence caused by d i s t r i b -  
uted three-dimensional roughness a t  supersonic speeds a t  l e a s t  up t o  a 
Mach number of 2 when the value of \jRk,t i s  based on the loca l  density 
and viscosi ty  as well as on the local  velocity a t  the roughness height.  
It seems reasonable t o  expect t h a t  the same t r ans i t i on  phenomenon and 
approximate c r i t i c a l  value of roughness Reynolds number would be appl i -  
cable f o r  fur ther  moderate increases i n  the  value of supersonic Mach 
number although a sparse mount  of information i n  reference 8 indicates  

an increase i n  JRk,t a t  Mach numbers of 5 t o  7. Additional experimenta-' 
t i on  i s  needed t o  ver i fy  t h i s  trend. 

against  rough- 

It i s  worthwhile a t  th i s  point t o  focus a t ten t ion  on the in t e rva l  
i n  unit Reynolds number between the  value a t  which turbulent burs t s  a r e  
f i r s t  i n i t i a t e d  a t  the roughness and t h a t  a t  which a f u l l y  developed 
turbulent boundary layer  e x i s t s  i n  the immediate v i c in i ty  of the rough- 
ness. The l a t t e r  case, of course, i s  important i n  determination of the 
conditions f o r  which turbulent heat-transfer and sk in- f r ic t ion  charac- 
t e r i s t i c s  are obtained. Reference 1 indicates  t h a t  a t  subsonic speeds 
t h i s  i n t e rva l  i n  Reynolds number i s  small; however, a t  supersonic speeds 
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some information 
Reynolds number. 

Effect 

. 
has been obtained that indicates a larger interval in 
More research is required to clarif'y this possibility. 

-. 

of Surface Cooling on Critical Rk,t Value 

It is well known from the theories of amplification of small dis- 
turbances in a laminar boundary layer that, for a stable laminar layer, 
small two- or three-dimensional disturbances will damp out as they move 
downstream. It is also known that either boundary-layer suction or 
cooling has a stabilizing effect on the laminar layer for these theo- 
retically smll disturbances. Depending upon the amount of suction 
(ref. 9, for example) or cooling (refs. 10 to 13), then, the transition 
Reynolds number based on the extent of laminar flow can be appreciably 
increased over the natural transition Reynolds number if the surfaces 
are sufficiently devoid of either three-dimensional or two-dimensional 
types of roughness elements. For two-dimensional roughness elements of 
finite size, it has been found that cooling can have a beneficial sta- 
bilizing effect in that some increase in transition Reynolds number can 
be obtained depending upon the value of Mach number, the size of the 
two-dimensional roughness, and the amount of cooling. (See ref. 12.) 
For three-dimensional roughness elements of finite size, however, ref- 
erence 14 indicated that at subsonic speeds, at least, the critical 

increased when the boundary layer was stabilized through application of 
continuous suction. This difference in the effect of laminar boundary- 
layer stability on the initiation of turbulence caused by two- or three- 
dimensional type of roughness is associated with the basic difference 
in the triggering mechanism of turbulence that has been experimentally 
determined for the two types of roughness as previously described. 
is, disturbances resulting from two-dimensional roughness appear to be 
of the Tollmien-Schlichting type and are subject to amplification 
theories whereas disturbances resulting from three-dimensional rough- 
ness, on the basis of low-speed experimentation, do not appear to be 
subject to such stability arguments. 

value of the three-dimensional roughness Reynolds number was not greatly 1 

That 

The effect of surface cooling in the presence of roughness on 
boundary-layer transition at supersonic speeds is shown in figure 10 
by a comparison of the hot-wire traces observed for the cone surfaces 
at adiabatic wall temperature and for the cone surfaces cooled. It was 
clearly demonstrated that, when the roughness Reynolds number was just 

critical (R' x 1.18 x lo6), that is, when turbulent spots began to 
appear with the surface at adiabatic wall temperature, cooling the cone 

the cooled condition it was necessary to decrease appreciably the tunnel 
unit Reynolds number in order to return the boundary layer to the lami- 

surface resulted in a completely turbulent boundary layer. In fact, for \ 

nar condition. Associated with the surface cooling for given values of .# 
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roughness s i ze ,  free-stream Reynolds number, and Mach number i s  an 
increase i n  roughness Reynolds number 
velocity a t  the top of the p a r t i c l e  (due t o  a thinning of the boundary 
layer  and an increase i n  convexity of the velocity p r o f i l e )  as w e l l  as 
an increase i n  l o c a l  density and a decrease i n  l o c a l  viscosi ty  both of 
which are due t o  the lowered boundary-layer temperature. These e f f e c t s  
of surface cooling on the l o c a l  velocity and temperature d is t r ibu t ions  
are shown by comparison of f igures  l l ( a )  and 12(a) f o r  cooled surfaces 
w i t h  f igures  7 and 8 f o r  surfaces at adiabat ic  w a l l  temperature. Shown 
i n  f igures  11( b)  and 12( b)  a r e  representative experimental longitudinal 
surface-temperature d is t r ibu t ions  used i n  the calculations of the veloc- 
i t y  and temperature prof i les  f o r  the cooled case. A s  suggested i n  ref- 
erence 7, polynomial expressions approximating the longitudinal tempera- 
t u re  d is t r ibu t ions  were used i n  the aforementioned calculat ions.  

Rk caused by an increase i n  

The f a c t  t h a t  t r a n s i t i o n  resulted from the increase i n  roughness 
Reynolds number ' indicates t h a t  the c r i t i c a l  value of roughness Reynolds 
number w a s  not increased t o  any important extent by the theore t ica l  
increase i n  laminar boundary-layer s t a b i l i t y  t o  small disturbances 
r e s u l t i n g  from the surface cooling. T h i s  conclusion i s  ver i f ied  by the 
close agreement i n  the values of \jRk,t presented i n  f igure 9 f o r  the 
cooled cone model and f o r  both the cone and f l a t - p l a t e  models with the  
surface a t  adiabat ic  w a l l  temperature and i s  consistent w i t h  reference 14 
where i t  w a s  shown t h a t  a laminar boundary layer  made s t ab le  t o  van- 
ishingly small disturbances by means of continuous suction w a s  less 
sens i t ive  t o  the f i n i t e  three-dimensional type of sxrface disturbance 
only t o  a minor degree. 
favorable pressure gradient over the forward port ion of a sphere a l s o  
yielded similar values of \IRk,t. 
a l s o  o f f e r  a most plausible explanation f o r  the reversal  i n  the t rend 
of increasing t r a n s i t i o n  Reynolds number w i t h  increased cooling t h a t  
w a s  noted i n  references 10, 13, and 16. 

Increased s t a b i l i t y  as obtained by a highly 

(See r e f .  15 .) The present r e s u l t s  

Effect  of Surface Cooling on Lateral Turbulent Spread 

The e f f e c t  of surface cooling on the l a t e r a l  spread of turbulence 
i n  the boundary layer  is  shown i n  figure 13 by a comparison of the hot- 
w i r e  t r aces  observed f o r  t h e  f la t -plate  surface a t  adiabat ic  w a l l  t e m -  
perature and cooled. The ordinate of the figure shows the distance t o  
the l e f t  o r  r i g h t  of the roughness a t  which the measurement w a s  made; 
the chordwise locat ion of the measurement w a s  26.77 inches from the  
leading edge. The hot-wire t r ace  taken d i r e c t l y  behind the roughness 
( f i g .  13(a)) shows the boundary layer t o  be turbulent 100 percent of 

d 

. the  t i m e ,  and the t r aces  taken at several  s t a t i o n s  t o  the l e f t  and 
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right of the roughness indicate a progressive decrease i n  turbulence 
u n t i l  fu l ly  laminar flow i s  obtained a t  the outer edge of the turbulent 
wedge. The differences i n  amplitudes of the hot-wire t races  a s  the wire 
traverses the completely turbulent and intermit tent ly  turbulent regions 
a re  associated w i t h  the e f f ec t  on the  hot-wire cooling of the sudden 
changes i n  the mean velocity as the boundary layer  var ies  between tur- 
bulent and laminar flow i n  addition t o  the e f f ec t  of f luc tua t ion  of the 
turbulent veloci ty .  The magnitude of the mean-velocity e f f ec t ,  of 
course, i s  dependent on the degree of submersion of the hot wire within 
the boundary l aye r .  
and the cooled w a l l  f l a t  p l a t e  a t  a Mach number of e i the r  1.61 or 2.01 L 
indicates t ha t  the 2 
s t a t ion  was not s ign i f icant ly  decreased by the increased boundary-layer 9 
s t a b i l i t y  derived from the surface cooling. T h i s  r e s u l t  i s  more eas i ly  6 
seen i n  figure 14 where the percentage of the time t h a t  turbulence was 
observed a t  each spanwise s ta t ion ,  as estimated from f igure 13, i s  
p lo t t ed  against the spanwise distance from the  roughness a t  the measuring 
stat  ion. 

.. 

Comparison of the r e s u l t s  fo r  the adiabat ic  w a l l  

l a t e r a l  spread of the turbulence a t  the measuring 

Inasmuch a s  these measurements were made a t  a Reynolds number s ignif-  
i can t ly  greater than the c r i t i c a l  value f o r  the roughness, it i s  l i k e l y  
t h a t  the turbulent wedge w a s  i n i t i a t e d  near the roughness p a r t i c l e s  and 
tha t  the s ides  of the wedge were straight. Plan views of 
the turbulent wedges based on t h i s  assumption a re  a l so  presented i n  f ig-  
ure 14 t o  provide an indicat ion of the magnitude of the included angles 
for  100-percent turbulence and 0-percent turbulence. In  the region out- 
side the boundaries of the 0-percent turbulence, the flow i s  laminar; 
between the 0-percent and 100-percent boundaries, , the flow i s  in t e r -  
mit tent ly  laminar and turbulent;  and between the 100-percent turbulence 
boundaries, the flow i s  turbulent a l l  the time. For adiabat ic  w a l l  tem- 
perature conditions, the r e s u l t s  indicate  about the same values of wedge 
angle a t  a Mach number of 1.61 a s  those measured a t  low speeds ( r e f .  5 )  
but show a reduction i n  wedge angle w i t h  an increase i n  Mach number 
t o  2.01. A fur ther  decrease i n  the l a t e r a l  spread of turbulence a t  a 
Mach number of 5.8 w a s  shown i n  reference 1.7 as well as a slowly 
increasing angle of spread i n  the v i c in i ty  of the i n i t i a l  t r ans i t i on .  
Further de t a i l ed  measurements of the spread of turbulence behind three- 
dimensional roughness p a r t i c l e s  a t  supersonic speeds would be desirable .  

(See r e f .  5 . )  

Value fo r  k = 6 k , t  C r i t i c a l  R 

Some of the runs on the f la t  p l a t e  were made with roughness of 
such a size and locat ion t h a t  the roughness height was very near or 
equal t o  the boundary-layer t o t a l  thickness. For these conditions the 
c r i t i c a l  roughness Reynolds numbers were determined and are  presented 
i n  f igure  9. The r a t i o  of the roughness height t o  the boundary-layer 

8 



. 

L 
2 
9 
6 

total thickness for all the adiabatic wall data points of figure 9 may 
be obtained from figure 15. The nondimensional roughness height at the 
corresponding surface station for a given test point is determined from 
the plots of 
the nondimensional boundary-layer total thickness is obtained from the 
velocity profiles presented in figure 15. 

against surface distance from the model leading edge; 
k,t 

The values of the critical roughness Reynolds number of figure 9 
for the roughness near the edge of the boundary layer appear to be some- 
what larger than the values for which the roughness was submerged in the 
boundary layer. These results are consistent with those of reference 1 
for roughness heights equal to and slightly greater than the boundary- 
layer total thiclmess. It should be recalled, however, that the condi- 
tions upon which the formulation of the roughness Reynolds number is 
based are violated when the roughness protrudes a significant amount 
beyond the linear portion of the velocity distribution. 

The pertinent data used to calculate the values of /Rk,t pre- 
sented in figure 9 are presented in table I for both the 100 cone and 
the flat-plate models. 

CONCLUSIONS 

An investigation made in the Langley 4- by 4-foot supersonic pres- 
sure tunnel at Mach numbers of 1.61and 2.01 to determine the effect of 
distributed three-dimensional roughness and surface cooling on boundary- 
layer transition and the lateral spread of turbulence indicates the 
following conclusions: 

1. The transition-triggering mechanism of distributed three- 
dimensional particles appeared to be the same at supersonic speeds as 
that previously observed at subsonic speeds. 

2. The value of the three-dimensional roughness Reynolds number 
parameter dRk,t at which turbulent spots begin to appear behind the 
roughness was approximately the same at supersonic and subsonic speeds 
when the roughness Reynolds number is based on the local values of den- 
sity, viscosity, and velocity at the top of the roughness and the 
r oughne s s he ight . 

3 .  For three-dimensional roughness with a Reynolds number less than 
its critical value, the roughness introduced no disturbances of suffi- 
cient magnitude to influence transition. 
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4. The critical three-dimensional roughness Reynolds number was not 
increased to any important extent by increasing the laminar boundary- 
layer stability to small disturbances through the use of surface cooling. 
For a given stream Mach number and Reynolds number, then, surface cooling 
will promote rather than delay transition due to existing three- 
dimensional roughness inasmuch as the actual value of roughness Reynolds 
number is increased by the effect of cooling on boundary-layer thickness, 
density, and viscosity. 

I 

5. The lateral extent of turbulence at a position approximately 
19 inches downstream of a three-dimensional roughness particle was not L 
significantly decreased by increasing the laminar boundary-layer sta- 2 
bility through the use of surface cooling. 9 

6 
6. For the two test Mach numbers, the lateral extent of turbulence 

at the measuring station appeared to decrease with increasing Mach number. 

7. The critical roughness Reynolds number for roughness nearly equal 
to the boundary-layer total thickness appeared to be somewhat larger than 
that for which the roughness is well submerged in the boundary layer. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., July 13, 1959. 
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TABLE I 

DATA USED TO CALCULATE ROUGHNESS REYNOLDS PARAMETER & 

Roughness 
station, 
s, in. 

Roughness 
height, 
k, in. 

ical Cri t i cal roughness 
Reynolds number TWIT0 

number per (approximate) 
foot, R '  

0.019 
.019 
.019 
.011 
. o n  

0.014" 
.019 

0.005 

.005 

.015 

.023 

.010 

.010 

.010 

.023 

.010 

.010 

.010 

.010 

.010 

.019 

.019 

.019 

Adiabatic 
0.25 0.710 x lo6 920 .O 
8.00 .910 340 .O 

0.015* 
.019* 
.031 

12.5 
12.5 
12.5 
10.4 
10.4 

1 .o 
2 .o 
2 .o 
3 .O 
3 .O 
3 -0 
5 -0 

10.3 
10.4 
10.4 
10.4 
10.4 
10.4 
12.5 
12.5 
12.5 

0.25 0.720 x lo6 
1 .OO .880 940.0 } Adiabatic 
8.00 .710 390 .O 

loo cone; M, = 1.61 
I 

0 .90l x lo6 
.769 
* 731 
-974 
1.090 

449 .O 
382.0 
513 .O 

252.0 
278.0 

Adiabatic 

1.289 

Adiabatic 

10' cone; M, = 2.01 

2.212 x 106 
1.206 
2 e 2 5 5  
I. .301 
1.339 
1.006 
.520 

1.830 
1.670 
1.670 
1.670 
1.768 

-979 
1.060 

- 715 

1.174 

407 .O 
480.6 
251.9 
397.4 
416.5 
674.5 
440.5 
443 .o 
390.1 
378.6 
398.1 
407.6 
289.5 
537.9 
598.5 
564.6 

Adiabatic I 
1.474 1 

} Adiabatic 
} 1.474 

* Denotes values for which roughness height equals boundary-layer 
total thickness. 
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Figure 2.- Photograph of 2 9  -inch-long 10' cone model. 
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Figure 5.- Typical examples of oscillograph records of boundary-layer 
velocity fluctuations through transition Reynolds number range. 
0.017-inch roughness at 12.5 inches from apex of 10' cone; M, = 1.61. 
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Figure 7.- Typical examples of velocity and temperature distributions 
through a laminar boundary layer on a 10' cone. 

s = 12.5 inches; Rs = 0.799 x LO6; surface at adiabatic wall 
temperature. 

M, = 1.61; 
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Figure 8.- Typical examples of velocity and temperature distributions 
through a laminar boundary layer on a loo cone. 
s = 12.5 inches; Rs = 1.020 x 10 6 ; surface at adiabatic wall 
temperature. 
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(a) Boundary-layer velocity and temperature-ratio distributions. 

Figure 11.- Typical velocity and temperature distributions through a 
laminar boundary layer and corresponding longitudinal surface- 
temperature distribution on a 10' cone. 
Rs = 0.799 x 10 6 ; surface cooled. 

M, = 1.61; s = 12.5 inches; 
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(a) Boundary-layer velocity and temperature-ratio distributions. 

Figure 12.- Typical velocity and temperature distributions through a 
laminar boundary layer and corresponding longitudinal surface- 
temperature distribution on a 10' cone. 
R, = 1.020 x 10 6 ; surface cooled. 

M, = 2.01; s = 12.5 inches; 
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